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ABSTRACT 
Bilayer Bi/In thin films form thermal resists with many new microfabrication and micromachining applications due to their 
changed physical, chemical and optical characteristics after laser exposures. Wavelength invariance has been shown from the 
results of both experiment and Airy Summation optical modeling. The modeling projects bimetallic resist sensitivity to be 
nearly constant at about ~7 mJ/cm
2 from 248 to 13.4 nm and is still very sensitive at 1 nm in X-ray range. Two kinds of acid 
solutions were effective in developing the exposed films by removing the unexposed area. Both nitric acid mixture 
(HNO3:CH3COOH:H2O=1:3:6) and hydrochloride acid mixture (HCl:H2O2:H2O=1:1:48) give etching selectivity of exposed 
to unexposed area of larger than 60:1. The etch rate of unexposed area is about 2.6 nm/sec. The Bi/In resist can be stripped 
away by an RCA2 clean. Bi/In resist was successfully used as a mask layer for KOH anisotropic silicon etching process. Due 
to the unusual conductive property of its exposed and developed films, Bi/In has demonstrated that it can be used as a direct 
laser write electroplating resist material. Copper and nickel plating were carried out on developed Bi/In layers on various 
substrates such as Si wafers, glass slides, wet-oxidized wafers. Large optical transmission changes (OD>3.5 before exposure 
and OD<0.3 after exposure at I-line) indicate that Bi/In can be used as a direct-write photomask material. 
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1. INTRODUCTION 
Microfabrication and micromachining photolithography is dominated by the use of organic based photoresists which are 
activated by photochemical processes. This has been successful for the last several wavelength changes in exposure systems 
and the corresponding required changes in resists. However, as the shift to shorter wavelength (157 nm or less) exposures 
continues organic resists have encountered problems related to the extremely short absorption depth of the light. Furthermore,   
organic photoresists have always involved many wet processes (application, development, and cleans) at a time when most 
other microfabrication processes are driven towards dry processes. An alternative approach to overcoming these problems is 
to consider inorganic based resists activated by optically driven thermal processes, i.e. a thermal resist. In recent research[1] a 
bimetallic inorganic thermal resist was investigated that operates by thermal changes induced by the optical exposure of 
modern laser short pulse exposure systems (e.g. the Excimer 4-20 nanosecond).  The exposure energy in these laser pulses 
creates sufficient temperature increases that thermally activated processes can be considered.  This opens a whole class of 
resists with many interesting properties that extend beyond regular resist applications. 
As its operation mechanism is quite different from the organic photoresists, inorganic thermal resist has shown several 
potential advantages over current organic spin-on photoresists.  Inorganic resists can be deposited by a number of dry 
processes, for example sputter deposition or potentially Chemical Vapor Deposition (CVD), and are compliant with vacuum 
based all-dry lithography.  This has the potential to remove many problems generated by spin-coating, such as edge bead 
formation and coating on backside edge.  These issues negatively affect the subsequent processes causing problems such as 
high particle counts and contamination.  Switching to inorganic resists may eliminate organic materials in the process flow 
and effectively reduce the number of cleans required.  This has the potential to not only save process materials but also cut 
down the cycle time, and hence enhance the throughput.  Since the conversion process of thermal resist uses the heat 
generated by a laser pulse thermal resist is more wavelength invariant than organic photoresists, and have operations which 
potentially can extend down to the EUV range. Due to regular resists’ organic ingredients and the thickness, the photoresist 
layer must be stripped after the lithographic processes. Since inorganic resist layers are normally very thin[1] and not a 
contaminant source to the semiconductor processes, they can be retained or used as structural layers for subsequent processes.  
In addition, metallic conductive based resists such as Bi/In can enable processes that could never be done by regular 
organic resists: acting as the seed layer for an electroplating process.  Consider copper, which has become the major 
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Proceedings of SPIE Vol. 4690 (2002) © 2002 SPIE · 0277-786X/02/$15.00 465metallization material for Integrated Circuit (IC) fabrication processes due to its superior conductivity. The standard copper 
deposition process involves copper seeding, plating and Chemical Mechanical Polishing (CMP) processes. Since metallic 
bilayer thermal resists are conductive after development, a novel application is investigated which uses these resists as both 
patterning and metallization seeding material for electroplating. For regular IC’s this could simplify the wafer fabrication 
process flow, reduce defects, and increase the wafer yield and throughput.  In the micromachining area this offers an 
interesting direct write Laser LIGA technique to build thick film structures on substrates. 
In this paper several of these potential microfabrication and micromachining aspects of the Bi/In bilayer metallic 
material were explored.  Experiments demonstrate the wavelength invariance operation down to 213 nm and simulations 
extend that to the Extreme UV range of 13.4 nm. While a dry development etch has not yet been investigated two acid base 
solutions were found to be effective developers for the Bi/In thermal resist.  Bi/In was tested as both patterning and masking 
material for KOH silicon etching. It was surprising that exposed Bi/In, which was less than 90 nm thick, could stand in 90°C 
KOH etching solution. Bi/In was also researched as a seeding pattern layer for a new laser LIGA process involving metal 
electroplating. The change in the light absorption of the Bi/In film after exposure has also been investigated with the potential 
for creating a direct write photomask by exploiting the change in exposure feature.  
 
 
2. BIMETALLIC THERMAL RESIST PROCESS 
Unlike the organic photoresist process in which a liquid is spun coated on the substrates, bimetallic thermal resist 
deposition is a dry process. The material choices for a bimetallic alloying thermal resist have been discussed previously[1]. 
The concept is to choose two thin film materials which have a phase diagram that contains a eutectic alloy with a melting 
point local minimum less than the melting point of either metal[1,4]. The Bi/In phase diagram has a eutectic temperature of 
72°C at 22% bismuth and a local temperature minimum of 112°C at 53% bismuth[2]. The composition of the alloy formed is 
selected by the thickness of the deposited Bi and In layers. For example, to form the 53% Bi alloy, the thickness of the 
deposited bismuth film will be nearly equal to the indium thickness.  
 
 
Figure 1. A dry bimetallic thermal resist process. (a) shows the substrate and the layer to be patterned. (b) In and Bi have been 
sputtered onto the substrate. (c) UV exposure converts the exposed area into alloy, which has different chemical properties from 
the unexposed area. (d) The development process removes the unexposed and retains the exposed area. (e) The pattern is 
transferred to the underneath layer by either plasma or wet etch. (f) The whole process is completed by stripping the resist. 
 
Bimetallic thermal alloying resists consist of two thin metal films. Bi on In (see Figure 1(b)), in this case, are RF or DC 
sputtered in a single pump down to the thickness of 15-150 nm on the thin film layer that  to be patterned. When exposed to 
light under a photomask, as shown in Figure 1 (c), the material in the exposed area will absorb the light energy and be heated 
up to above the Bi/In eutectic temperature. Since the alloy has a lower melting point than either individual film, melting will 
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Proc. SPIE Vol. 4690 466begin at the interface between the two layers and move outward as the melt pool grows.  At the end of the laser pulse, the 
resist layers will cool and solidify as the eutectic alloy. The resist in the unexposed area, where the light is blocked by the 
photomask, will remain as the same two-layer structure. As will be shown in sections 4 and 5 tests indicate that the alloy have 
different chemical properties from Bi or In.  For the resist development after exposures, two etch solutions have been found 
(see section 5) which will attack the areas of unexposed resist more aggressively than the exposed areas. After the resist 
development, the alloyed area remains while the unexposed area is removed, as shown in Figure 1 (d). The pattern is then 
transferred to the underneath layer to be patterned by plasma etching or wet etching. After the resist stripping, the whole 
lithography process is completed.  
While Bi/In bimetallic resists have been the main focus of this research, many other alloy mixtures or ratios have been 
identified[3,4] making this a whole class of potential resist alloys.  Two particularly promising combinations are Bismuth Tin 
(BiSn, 43% Bi, with a eutectic point of 139°C) and Indium Tin (InSn, 47% Sn with a eutectic point of 117°C)[5]. Their 
structure and deposition would in the same manner as the Bi/In films, though their behavior shows some differences.  
Another proposed bimetallic thermal alloying resist process involves three distinct layers: two thin metallic films as an 
imaging layer and a protection layer such as a thick 0.5-1 micron amorphous carbon hydrogenated film[6]. The imaging layer 
is exposed and a patterned after the development. The pattern is then transferred to the thick protection layer using a reactive 
ion plasma etch in oxygen which attacks the carbon selectively[7]. The plasma development etch leaves a high aspect ratio 
mask on top of the substrate which can be used for various microfabrication processes (etching, dopant diffusion, etc.).  
 
 
3. WAVELENGTH INVARIANCE 
The organic photoresists currently used in the semiconductor industry operate by photochemical processes, and they are 
wavelength sensitive, which means that photoresists that work under current 248 nm exposure systems will not work under 
EUV.  However, bimetallic thermal resists are activated by the heat that the resist films generate by the absorption of the laser 
exposure.  Reflection, transmission and absorption occur when a laser exposes the surface of a thin film. Understanding the 
interaction between the laser beam and the bimetallic thin film will help us analyze and design the thermal resist films. An 
optical model[6,8] was established based on an Airy Summation which is a complete sum of all the electric field vectors 
traveling into the film and reflected at each interface at the surface and bottom of the absorbing media. The accuracy of the 
model has been verified by comparing the results with other publications and our experimental results. The model calculates 
the total amount of light reflected from the top surface (R), transmitted through the bottom surface (T), and absorbed through 
the total thickness of the imaging layers (A), which vary with: the laser wavelength, the resist thickness, the index of 
refraction n and the index of absorption k of different materials. The three plots in Figure 2 are the simulated Reflection, 
Transmission and Absorption (RAT) curves versus film thickness at wavelengths 248 nm (current exposure systems), 157 nm 
(follow on from the new 195 nm systems) and 13.4 nm (Extreme UV or EUV systems projected for sub 70 nm exposure 
systems). Calculations of the relative change in reflected, transmitted and absorbed light in the imaging layers when 
switching from 248 nm to 157 nm exposures showed that the Bi/In resist is wavelength invariant[6]. Most importantly when 
wavelength is extended from 157 nm to 13.4 nm the absorption increases 24% at the thickness 20 nm of each layer, and 
reflectivity becomes very small (<1%).  As absorption is the energy source to convert thermal resists, it is expected that Bi/In 
thermal resist will perform better at 13.4 nm than at 248 nm.   
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Figure 2. The simulation results from the optical model. The three plots are the reflection, transmission and absorption curves versus film 
thickness at wavelength 248 nm, 157 nm and  13.4 nm. It is noticed that the absorption, which is the resist activation energy source 
maintains at about 60% of the incoming light at 20 nm thick of each layer and above, showing the wavelength invariance property. 
Figure 3 is the RAT curve difference between 13.4 nm and 248 nm. It shows that the light absorption increases when the 
light wavelength changes from 248 nm to 13.4 nm. The reflection decreases as the thickness of each layer increases to around 
Proc. SPIE Vol. 4690 46713 nm and then becomes saturated. The transmission rate increases when the thickness of each layer is less than 10 nm. After 
the layers of Bi and In become thicker than 40 nm, the transmission difference between 13.4 and 248 nm is negligible. 
The Poynting vector, which shows the energy flow through the films, was simulated for this absorbing medium and has 
been used to calculate the intensity of the light as a function of the depth into the Bi/In films[6].  The light intensity for 
wavelength 13.4 nm in the 30 nm thick Bi/In film (P curve) and its derivative, which is the energy deposited per unit volume 
(Q curve), are shown in Figure 4.  The Q curves give the energy deposition rate with depth in these films. It is interesting to 
notice that at 13.4 nm the interference pattern in the Q curves of Figure 4 which occurs because the wavelength of light is 
significantly smaller than the total thickness of the film. Because of the relatively high penetration at 13.4 nm through the top 
bilayer film, 33% of the deposited energy is in the bottom layer.  This is actually a more even distribution of the energy 
deposition through the resist than occurs at the 248 nm level, and yet an even larger fraction of the energy would be deposited 
in the films than at the longer wavelengths (due to less reflection). This indicates that the bilayer will heat up more evenly 
and at lower exposure power, and there will be significant heat generation from the laser pulse at the Bi to In metal interface, 
where it would promote the alloy formation most efficiently.  
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Figure 3. RAT difference between 13.4 
nm and 248 nm. The absorption 
improves when the laser wavelength 
moves from 248 nm to 13.4 nm. 
  Figure 4. P and Q curves for 30 nm total thick film of Bi on In bilayer exposed with 13 nm 
EUV. It is interesting to notice the interference pattern in the Q curve, which is similar to 
the light interference inside a thin film. 
 
Note that though the film is sensitive to a wide wavelength range, this only occurs for short powerful laser pulses.  
Unlike current photoresists these thermal resists have the advantage that the conversion process does not follow the law of 
reciprocity.  That is multiple or long exposures at low energies do not accumulate until the threshold for exposure is reached.  
Instead the applied energy must exceed the alloying threshold during the exposure.  Thus Bi/In resists are stable under regular 
room light conditions unlike regular resists that must avoid long exposures with regular lights.  Thus they can be inspected 
with even UV microscopes without concern.  Also as previously reported the films are very stable with a long lifetime[6,9]. 
The next section discusses experimental exposures that confirm these simulations at the wavelength of existing systems, 
giving confidence that that they can be extended to the 157 nm, 13.4 nm and even to the X-ray range (1 nm) if the literature 
values of the optical characteristics are correct. 
 
 
4. Bi/In THERMAL RESIST EXPOSURE 
To confirm the wavelength invariance of the bimetallic resists samples were exposed at several wavelengths and pulse 
durations. The Bi/In thermal resist films were prepared by a single pump down DC/RF sputtering depositions on RCA-
cleaned glass slides, quartz slides, and silicon wafers[6].  Laser exposures were made on Bi/In resist using both Argon laser 
long pulses and a 4 nsec pulsed Nd:YAG laser[6].  A 5W Ar laser was used in conjunction with an X-Y table with the 
positioning accuracy of 0.01µ m and an electro-optic shutter to make exposed lines and raster-scanned large exposed areas for 
microfabrication, optical transmission and structural analyses. Large areas (1cm
2 or larger) were exposed by raster scanning 
across the surface of the resist. The X-Y table scanning speed was set to 10 mm/sec.  In Ar laser exposures, two objective 
lenses were used, depending on the application. A 50 mm focal length converging lens with a beam waist radius of wf=5 µ m 
was mainly used to produce large exposed areas. A 50X microscope objective lens with a beam waist radius of wf=1 µ m was 
used to make fine structures such as lines and small squares. While the Argon laser has a long duration pulse (typically about 
1 msec equivalent) the peak power density is about 10
5 W/cm
2 which is very modest compared to Excimer exposure systems 
or those of the Nd:Yag laser.  Hence a much longer Argon laser pulse is required to reach the threshold temperature and 
thermal flow effects begin to be important for these exposures. 
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Figure 5. The optical setup for Nd:YAG to make a projected image on the Bi/In thermal resist. 
 
A Nd:YAG laser with 2
nd, 4
th and 5
th harmonic crystals to respectively output laser light at 533 nm (400mJ max), 266 nm 
(100 mJ max) and 213 nm (40 mJ max) all at pulses of 3-4 nsec duration was used to make successful proximity exposed 
images at many wavelengths[6].  The optical setup in Figure 5 was a simple projection system consisting of a beam expander 
and a condensing lens with photo masks in between. An Nd:YAG laser running at 2
nd harmonic (533 nm green) and 4
th (266 
nm UV) was used as a projecting light source to create images. As reported previously[6] single pulse exposures of 
~7mJ/cm
2 successfully creates exposed images on Bi/In films of 15/15nm thick at 266 nm.  Since the simulations suggest that 
there is less than a 10% difference between the energy deposited in the films from 248 through 13.4 nm, this clearly indicates 
the wavelength invariance of the samples showing the same level of sensitivity. Experimentally this was shown from 533 to 
213 nm. It is also worth noticing that Bi/In films of 15/15nm still absorb 12% of the total exposure light at X-ray range (1nm). 
Compared with about 60% of the light absorption rate at 248 nm, and based on the UV measured sensitivities this projects 
that Bi/In resist could have the single pulse exposure sensitivity of ~35mJ/cm
2 at X-ray range. 
From the point of conversion the Nd:YAG exposures are similar to those produced in a real stepper exposure system. 
Figure 6 (a) and (b) are the front and back-lit microscopic pictures of the projected images on a 45 nm Bi/In film using the 
projecting optics of Figure 5. It is important to note that the exposed areas on the thermal resist show a substantial change in 
optical characteristics.  Indeed the exposed areas are more transparent than the unexposed films, and hence the projected 
pattern is visible.  Hence this demonstrates another important advantage of these thermal resists: the exposed pattern is 
directly seen after imaging. 
                
Figure 6. (a) is the front-lit microscopic view of a projected image on Bi/In. (b) is the back-lit microscopic view of the same 
projected image. The line width is 20 µ m. 
 
It is interesting to notice the large optical property changes before and after the laser exposure on bimetallic thermal 
resist films: the light transmission increases rapidly with the laser exposure power. This indicates that the Bi/In film can be 
used as a direct-write photomask material. To characterize the optical properties of Bi/In films before and after laser exposure 
a CARY 3E spectrometer was used to measure the absorption through the raster scan (CW Ar) exposed areas on the film. The 
absorption spectrum was measured for areas raster scanned with a range of laser intensities from 50 mW to 900 mW.  Figure 
7 (a) graphs the Optical Density (OD) of the film versus the exposure wavelength for a 50/50 nm Bi/In film. The Bi/In 
sample was heat-treated for 72 hours at 50° C before exposure. The OD of the unconverted film is roughly 3.5 – 4.0 from 400 
(a) (b) 
Proc. SPIE Vol. 4690 469nm to 800 nm. As the power of the laser exposure is increased, the OD of the converted area reaches a minimum 
corresponding to the energy at which all of the material in the layers is converted.  The absorption spectrum for the converted 
layers in the range from 400 nm to 800 nm reaches a minimum value of roughly 0.25 OD at an exposure intensity of 900 mW.  
This represented a change in the OD of more than 3 orders in terms of transmitted light power.  
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Figure 7. (a) Absorption through 50/50 nm Bi/In exposed with the Ar laser at different 
intensities. From top to bottom: 0, 50, 100, 300, 500, 700 and 900 mW. The sample was 
heat-treated for 72 hours at 50° C. (b) 50/50 nm Bi/In film optical absorption vs laser 
power at wavelength 365 nm. Absorption drops drastically at 100 mW laser power and 
saturates after 300 mW.  
  Figure 8. Optical spectrum before and 
after the shelf test. The spectrum lines 
before and after the shelf test overlap 
with each other, showing that the film 
optical property is stable. 
 
Figure 7 (b) shows a curve of optical absorption versus laser writing power at the wavelength of 365 nm. It is noticed 
that when the laser is below 50 mW the Optical Density (OD) of the film is above 3. The X-Y table moves with the speed of 
10 mm/sec and the laser beam is focused to a small spot with 20 µm in diameter, hence 50 mW of Ar laser power yields 
around 5 J/cm
2 of power density, which is much higher than typical industrial exposure power density (10 – 100 mJ/cm
2). 
Normal laser exposure will not change the properties of the bimetallic film, thus the photomask stability and reliability. 
Absorption drops sharply around 100 mW writing power, and it quickly saturates from 300 mW onwards and the optical 
density stabilizes around 0.5 OD on glass substrates. With thinner films the writing power can be made much lower and the 
optical density difference (OD ratio between exposed and unexposed area) can still be maintained. With this low absorption 
levels the Bi/In resist is near the needs for a direct write photomask where the converted areas can directly be used as the 
mask “openings” without development. The unexposed films were reported to be very stable[6]. A shelf test was carried out 
in order to test the stability of the exposed area. The Bi/In films raster-scanned with different Ar laser power were kept in an 
environment of 70°C and ~100% humidity for 7 days. The optical spectrum was measured before and after the shelf test. As 
shown in Figure 8, the spectrum curves before and after the shelf test overlap each other. The transmission rate barely 
changed and the optical property is stable. 
 
 
5. THERMAL RESIST DEVELOPMENT 
Resist development is one of the most important processes for microlithography, in which either the laser exposed area 
or the unexposed area should be selectively removed so that the retained will form a lithographic mask. The development 
selectivity results from the change of the chemical and physical properties of the resist after exposure. It was noticed that 
Bi/In deposited on glass and quartz substrates was converted to a significantly less optically-absorbing material when 
exposed to laser pulses. Such considerable optical change indicates that the converted materials have significantly different 
physical and chemical characteristics than the unconverted materials. In wafer fabrication industry, an etch selectivity ratio 
>20:1 (that is the ratio between the etch rate of the unexposed and exposed layers) is preferred when developing hard masks. 
As reported[6], the mixture solution of nitric acid and acetic acid (HNO3:CH3COOH:H2O = 1:3:6) removes the unexposed 
area much faster than the exposed, thus making the resist a negative one. It gives a good etching selectivity of exposed to 
unexposed area of larger than 65:1 (refer to Table 1). The etch rate of unexposed area is about 26 Å/sec. However nitric acid 
solution has scumming problem: it cannot remove the trace metal residue in the unexposed area within the nominal 
development time according to the etch rate. To solve this problem, usually longer development is applied. RCA2 
(HCl:H2O2:H2O = 1:1:6) at 80°C has been used to strip off the Bi/In film after the patterning is done with defects or there is a 
need for reworking[1]. 
The RCA2 stripping process leads to the finding that the solution of HCl:H2O2:H2O = 1:1:48 at room temperature is an 
even better developer for Bi/In resist. Instead of using the HCl:H2O2:H2O solution at a much higher concentration and at the 
(a) (b) 
Proc. SPIE Vol. 4690 470temperature of 80°C for stripping, the exposed films are developed in a much diluted formula and at room temperature. The 
selectivity is above 60:1, and the etch rate is 65 Å/sec, which is faster than nitric acid solution. It also has good descumming 
capability, and no remnant material will be left behind after the development. Figure 9 shows the result from an etch 
comparison experiment. A Bi/In film deposited on SiO2 (100 mm wet oxidized wafer) with equal thickness of 90 nm Bi and 
In was used in this test. A series of lines were first made by Ar CW laser scanning. The sample was then dipped in the 
developing solution for 5 sec to over 15 min and rinsed thoroughly with DI water. A profilometer was used to measure the 
film thickness at the exposed and unexposed areas. One can notice that the thickness of the unexposed area of the film 
reduces rapidly, while that of the exposed area changes slowly with time.  
Table 1. Development solutions 
Solution  Chemical Ratio  pH Value  Etching Selectivity  Etch Rate 
Nitric Acid Solution @25°C HNO3:CH3COOH: H2O = 1:3:6  2  > 65:1  26 Å/sec 
HCl:H2O2: H2O @25°C   HCl:H2O2: H2O = 1:1:48  2  > 60:1  30 Å/sec 
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Figure 9. Film thickness vs etching time in Nitric acid 
and HCl:H2O2:H2O solutions. 
  Figure 10. Line width reduces with the developing 
time. It saturates at certain point. 
 
As wet development process is not an anisotropic etching, the width of the exposed lines is expected to decrease with the 
developing time. A 45 nm/45 nm Bi/In film was exposed with 65 µm wide lines using CW Ar laser scanning. The sample 
was developed in HCl:H2O2:H2O solution for different duration. The width of the lines was measured using an optical 
microscope line width system. As shown in Figure 10, the line width dropped quite fast for the first 20 seconds, and then 
saturates at 45 ￿P￿ 7KHUH DUH PDQ\ SRVVLEOH FDXVHV WR WKLV OLQH ZLGWK UHGXFWLRQ SKHQRPHQRQ￿ 3HUKDSVthe most likely reason 
is that since the Argon laser intensity across the laser beam follows the Gaussian distribution, the thermal resist exposed to 
the beam edge is not converted as completely as at the center of the beam. Also the heat dissipation along lateral directions in 
the resist film could partly convert the film when the film thickness is greater than 30 nm[10].  This is due to the long 
duration (~ 1 msec) Argon laser pulse, and would not occur in the shorter 20 nsec Excimer laser pulses of current DSW 
exposure tools.  In order to make an anisotropic development, plasma etching of the bimetallic thermal resist is a viable 
method as ions in the plasma can be guided in one direction. Also successful plasma development will make Bi/In thermal 
resist a completely dry lithographic process material.  
                          
Figure ￿￿￿ 6(0 SLFWXUH RI GHYHORSHG ￿ ￿P
ZLGH %L￿,Q OLQHV ZLWK ￿￿ ￿P VSDFLQJ￿ 
  Figure 12. A 45° tilted SEM picture of developed 
Bi/In lines on SiO2/Si wafer. 
Proc. SPIE Vol. 4690 471Figure 11 is an SEM picture of a developed Bi/In line pattern on SiO2 layer on a silicon wafer. These are 2 ￿P ZLGH OLQHV
with 10 ￿P VSDFLQJ PDGH E\ Ar laser (514 nm at 0.05 W) raster scanning on a 45 nm/45 nm Bi/In film. The sample was 
developed in the HCl:H2O2:H2O solution for 60 sec. As the total thickness of the film was only about 850 Å, we could not get 
a very good cross-section SEM picture. Figure 12 shows a 45° tilted SEM picture of the developed Bi/In lines.  
 
 
6. Bi/In AS PHOTO AND ETCH MASK FOR KOH Si ETCH 
In any resist a full demonstration of the making process is important, with resist application, exposure, development, 
masking of lower etched layer, and stripping.  As previously noted it has been planned to use Bi/In resists in conjunction with 
a thicker amorphous carbon protection layer.  Since that process was not yet available in our facility direct use of the Bi/In 
resist was employed with an etchant to which it is highly resistant, KOH. 
KOH has been used as an effective silicon wet anisotropic etch for many years. The preferred industrial masking 
materials are silicon dioxide and silicon nitride. The etch selectivity for silicon to silicon dioxide is about 600 and silicon 
nitride 10000, and the Si etch rate is 20 µm/hour at 60°C and 60 µm/hour at 90°C. In this process a layer of silicon dioxide or 
silicon nitride is grown or deposited first, followed by lithography to pattern the layer which includes photoresist coating, 
baking, exposure and development. The wafer is then dipped in HF or phosphoric acid to transfer patterns from the 
photoresist to the silicon dioxide or silicon nitride. After the photoresist is removed the silicon dioxide or silicon nitride will 
act as the hard mask for the following KOH silicon etching. It usually takes 9 steps (Table 2) to complete the whole silicon 
etching process. In this paper, a 45 nm / 45nm Bi/In was used as a photoresist patterning material as well as a masking 
material. Bi/In was first sputtered on the silicon wafer. The BiIn layer was then exposed to Ar laser. Following are the 
parameters used in the raster scanning: 
 
•   Argon laser power = 0.45W;  
•   50X objective lens was used to focus the beam to 2 µm in diameter; 
•   X-Y table speed = 10 mm/sec; 
•   Lines width = 2µm. 
 
The sample was developed in HCl:H2O2:H2O solution for 100 sec. After the development, the sample was put in a KOH 
bath for 2 minutes to get about 2 µm anisotropic etch. The KOH solution was mechanically agitated and kept at 85 to 90°C. 
The sample was then DI water rinsed for 5 minutes. Figures 13 to 15 illustrate the silicon etch result. The geometry sizes are 
2 µm lines with 6 µm spacing. SEM pictures show a clear anisotropic etching of silicon under the BiIn mask. The depth of 
the trench is about 3 µm. As an accurate Bi/In thickness measurement is being undertaken, a rough estimation is that based 
on the result that the total thickness of Bi/In was about 90 nm and the silicon etched away was about 3 µm, the selectivity of 
BiIn to Si is at least 30. Future test will be carried out to find out the selectivity. Table 2 is a comparison between the 
common silicon dioxide or silicon nitride method and the Bi/In process. It takes only 5 steps to make silicon etch using Bi/In 
as masking material, which is much more effective than the common method. The last RCA2 stripping step could even be 
omitted in some applications as the left Bi/In mask layer is less than 90 nm thick, 3% of the total step height.  
 
           
Figure 13. A 2 µm wide Bi/In masking 
line pattern after Si etch for 2 minutes in 
KOH. The lines are intact. (800X 
optical) 
  Figure 14. An SEM picture of the x-
section view of the sample in Figure 13. It 
shows that the silicon trench is about 3µm 
deep, which correspondent to the etching 
parameters. 
  Figure 15. A tilted view for figure 14. 
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Table 2. Process Comparison between SiO2 (Si3N4) and Bi/in as Masking Material 
Process Steps  SiO2 or Si3N4 as etching mask  Bi/In as etching mask 
Mask Deposition  SiO2 growth or Si3N4 deposition  - 
Resist coating (spin coat)  Bi/In sputtering 
Soft Baking  - 
Exposure Exposure 
Development Development  (HCl:H2O2:H2O solution) 
Pattern Transferring (HF or H3PO4) - 
Lithography 
Resist strip  - 
Si Etching  KOH etch  KOH etch 
Mask Removal  HF or H3PO4 to strip oxide or nitride  RCA2 to strip Bi/In (not necessarily needed) 
 
 
7. ELECTRIC PROPERTIES OF Bi/In RESIST 
Relative to organic resists Bi/In has the unusual property of being electrically conductive instead of insulating.  This in 
turn opens the possibility of several interesting applications. 
Organic photoresist layers, from the process point of view, are sacrificial layers, which must be removed after the 
patterns are transferred to the structural layers below. Bimetallic thermal resist is totally different. It can not only be used as a 
lithographic layer for patterning, but also as a structural film for subsequent processes. One of the significant differences 
from the organic photoresist, which can be explored, is that the metallic bilayer thin film thermal resist is conductive both 
before and after exposure. The electrical conductivity opens the door to many potential applications. The sheet resistance of 
the exposed and unexposed samples was measured using a MP0705A four-point probe from Wentworth Labs, which is 
connected to an HP 3478A multimeter. The 4 probes are arranged in a line with 1 mm spacing between one another. Electric 
current flows between the outer two probes, and the voltage drop across the film is measured by the inner two probes. To 
ensure the accuracy of the measurement, it is required that the conducting film thickness be less than 40% of the spacing, and 
the edges of the film be more than 4 times the spacing distance from the measurement points. The sheet resistance 
measurement was carried out on a series of Bi/In thin film samples. The bilayer film was sputter-deposited on glass slides 
with 30 nm equally thick Bi on top of the In layer. The sheet resistance was first measured on the unexposed Bi/In film 
(named as Bi/In 30/30 U in Table 3), and then on the Ar laser raster-exposed areas (as Bi/In 30/30 E in Table 3). The laser 
power was 0.20W. The exposed sample was dipped in HCl:H2O2:H2O solution for 40 sec for development, and its sheet 
resistance was measured after N2 blow-dry (as Bi/In 30/30 D in Table 3). The resistances of single layer Bi and In films of 
thickness 15 nm, 30 nm, and 45 nm were also measured. It is noticed that the resistivity of the thinner Bi and In films is 
higher than that of bulk materials, dropping significantly as the films get thicker. This can be attributed to the fact that the 
oxidized part of the film is more significant in thinner films than in thicker films. It is noticed that the exposed films are 
slightly more conductive that unexposed films. A surprising finding is that the developed resist is conductive. This indicates 
that the Bi/In thermal resist can not only be used as a patterning material, but also as an electric plating seeding layer. This 
has the potential to simplify the manufacturing process since separate resist removal and seeding processes are not required. 
The developed film is more conductive than most of the current barrier layer films and silicide films.  For example, the 
resistivity of the most conductive silicide TiSi2 is about 1.6×10
-2 Ω cm, and TaN, the barrier layer used for copper plating, is 
about 2.5×10
-1 Ω cm[11]. 
 
Table 3. Sheet resistance and resistivity 
  Bi (15nm)  Bi (30nm)  Bi (45nm)  In (15nm)  In (30nm)  In (45nm)  Bi/In 30/30 U  Bi/In 30/30 E  Bi/In 30/30 D 
Sheet resistance (Ω /sq) 484.7± 39 171.0± 13 79.6± 5 32± 3 9.3± 0.9 3.5± 0.2 82.8± 6 80.8± 5 97.5± 7 
Film resistivity (Ω cm)  7.27×10
-4 5.13×10
-4 3.58×10
-4 4.91×10
-5 2.79×10
-5 1.56×10
-5 4.97×10
-4 4.85×10
-4 5.03×10
-4 
Bulk resistivity (Ω  cm)  1.3×10
-4 8.0×10
-6 -  -  - 
 
 
8. METAL PLATING ON DEVELOPED Bi/In RESIST 
Due to its unusual conductive property, Bi/In has demonstrated that it can be used as a direct laser write electroplating 
resist material. Metallization is an important process in both microfabrication and micromachining. PVD and CVD metal 
coating have been the major deposition methods in both areas, which have the disadvantage of not being able to deposit thick 
films (much greater than 1.5 µm) on the substrate due to film stress. By comparison, metal electroplating can not only put 
several microns even dozens of microns thick of films on the substrate, but also fill high aspect ratio vias and contacts. 
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plating technique involves many processes, such as seeding, lithography, and plasma etching, which can increase the cycle 
time and introduce process defects. As shown in Figure 16, the Bi/In resist can be deposited and directly written on with the 
laser, and it will act as both a patterning material after development and a seeding layer for plating. By comparison 
considerable efforts have been made to achieve high-aspect ratio structures in the micromachining area. Using X-ray 
lithography, standard LIGA process can be used to fabricate very high structures (as high as 1 mm) with sub-micron lateral 
accuracy[12]. However, the high cost using synchrotron X-ray source prevents it from being a common micromachining 
process. With Bi/In as both patterning and seeding layer, one can easily plate thick films to achieve high aspect ratio 
structures. Conductive bimetallic thermal resist offers a new type of LIGA process. 
For this paper Cu and Ni plating was carried out on developed Bi/In layers on various substrates such as Si wafers, glass 
slides, wet-oxidized wafers. The Bi/In resist was first exposed to Ar laser by raster-scanning exposure patterns, such as lines 
and square areas. The laser scanning method allows us to change the exposure patterns easily without having to make 
photomasks. Laser power varied from 0.05W to 0.35W. The films were then developed in nitric acid or HCl:H2O2:H2O 
solutions for 40 to 100 seconds to remove those unexposed areas. During the laser scanning period, conductive pads were 
designed and exposed for plating connection. Table 4 shows the chemical ingredients for the plating. Cu plating was carried 
out in room temperature and Ni at 55° C. Figure 17(a) shows several Cu lines inside a square Cu window, the space between 
two Cu lines is 10 µ m. To make this pattern on Bi/In, the large window frame was first raster-scanned with Ar laser on the X-
Y table. Then the lines were made again by Argon laser using a single scan. As shown here, as copper plating continues, a 
high aspect ratio structure can be achieved. Figure 17(b) is the SEM picture of a Cu square with an opened window, and 17(c) 
are the Cu lines. The plated copper layers are 3 µm thick. The two SEM pictures in Figure 18 are the tilted view and the 
cross-section of Cu lines. It is clearly shown in (a) that the Cu lines grow upon the Bi/In seeding layer. The cross-section of 
Cu lines in (b) is close to a half moon shape. However the growth along lateral directions is faster than along the vertical 
direction. Figure 19(a) is a Ni mesh plated on Si substrate. Each square is 10 by 10 µ m. 19(b) shows a densely plated area. 
The space between two Ni lines is 5 µ m. 19(c) is a small Ni pattern, the thin line is 2 µ m wide. The plated nickel layer is 4 
µm thick. A potential and unique application of the direct write metal plating is to apply metal connections to finished chips 
to provide circuit modifications for rapid design debug or create new devices with thicker metal layers than given by current 
processes. Compared to the FIB techniques which are widely used by design companies, direct write metallization is much 
faster and more cost effective.  
 
 
 
Figure 16. Bi/In as both masking and seeding material. Bi/In is first patterned and the exposed area is alloyed. Resist 
development removes the unexposed area, and the exposed is retained. Due its conductivity, it will act as both the 
patterning and the seeding layer for Cu plating. 
 
 
Table 4. Cu and Ni plating parameters 
  1 liter plating solution  Plating Temperature  Typical Plating Current Density 
Cu CuSO4.5H2O =100 g, H2SO4=10 ml  25° C  10-50 A/m
2 
Ni   NiSO4.6H2O=150 g, NiCl.6H2O=60 g, H3BO3=37.5 g  55° C  10-50 A/m
2 
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Figure 17. (a) An optical picture of plated Cu on SiO2. The spacing between two lines is 10 µ m. (b) SEM picture of a Cu square 
and (c) SEM picture of Cu lines. The copper layer is 3 µm thick.  
 
 
                         
 
 
 
     
Figure 19. Optical pictures of plated Ni on Si wafer. (a) Ni mesh. The spacing between two lines is 10 µ m. (b) densely plated Ni 
lines with 5µ m spacing and (c) a small pattern of 4 µ m square with 2 µ m wide line.  
 
 
9. CONCLUSIONS 
Bimetallic inorganic Bi/In thin films are novel thermal resists that have shown to have many promising applications in 
both microfabrication and micromachining. One of the most important features is the wavelength invariance.  Simulations 
suggest Bi/In can work with a wide range of wavelengths, from visible (533 nm) down to EUV at 13.4 nm due to the thermal 
activation mechanism, which is different from organic photoresist.  The simulation results of the relative changes in reflected, 
transmitted, and absorbed light in Bi/In indicate that better performance is expected when the light wavelength moves from 
Figure 18. (a) Cu lines grow upon the Bi/In lines. (b) Cu grows faster along lateral direction than along the vertical direction. 
(a) 
(b) (c) 
(a) 
(a) (b) 
(b) (c) 
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range if the optical parameters of the films are correct. Experimentation has confirmed this wavelength invariance down to 
266 nm.  Exposed Bi/In films can be developed by wet development etching methods, with a dilute RCA type etch being the 
most successful.  Stripping occurs in a regular RCA type clean.  Bi/In resist was used as a mask layer for KOH anisotropic 
silicon etching process.  This simplifies the conventional process and reduces the cycle time. Bi/In can be used not only as a 
sacrificial layer for microlithographic process, but also as a structural film in the device due to its unusual properties such as 
good electric conductivity, etc. Copper and nickel plating was carried out on developed Bi/In layers on various substrates. 
Thus Bi/In resist can be deposited and directly written on with the laser, acting as both a patterning material after 
development and a seeding layer for thick plating to achieve high aspect ratio structures.  Thus bimetallic thermal resist could 
act as a new form of laser LIGA process.  Since its deposition is inherently a dry process one area of future research is to 
investigate the plasma etching development processes. That would generate a fully vacuum based inorganic lithographic 
process.  In addition due to the optical property changes (OD>3.5 before exposure and OD<0.3 after exposure at  >350 nm) 
and its stable physical and chemical characteristics, Bi/In can be used as a direct-write photomask material 
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